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INTRODUCTION 
The inner blend regions of some pressure vessel nozzles are examined ultrasonically 
from the outside surface of the nozzle or of the vessel. Design and interpretation of these 
examinations are complicated because of multiple curvatures of the inside and outside 
surfaces and because the sound beam must be oriented properly with respect to the flaw in 
order for an echo to be detected at the transducer. In a previous paper [1], the software 
system (WARay3D) for designing and verifying wedges to be used in detecting flaws in the 
inner blend region of nozzles by comer reflection or by normal incidence was discussed; 
see Figure 1. The present paper describes experimental validation of 3D geometric model-
ing of nozzles and pressure vessels and ray tracing to compute and display sound paths of 
UT inspections. A series of experiments was conducted at the EPRI NDE Center on a 20-
inch diameter BWR nozzle specimen containing six artificially-induced flaws. WARay3D 
was used to determine specific search unit positions, beam angles and skew angles for 
manual ultrasonic detection of each flaw from both sides. All flaws were detected from 
both sides with high signal-to-noise ratio and with close correlation between the predicted 
and actual search unit locations and metal paths. 
MODELING OF NOZZLE 
WARay3D is capable of addressing a broad range of modeling issues, including ray 
tracing on completely general 3D objects comprised of blocky, transversely isotropic 
material [2]. However, to minimize the investment of time on the part of users, specialized 
applications have been developed in which restrictions on generality are accepted in order 
to obtain easy access to model building, wedge design and preparation of coverage maps 
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Figure 1. Detection of inner radius flaw using pulse-echo; procedure for designing 
transducer wedge. 
for inspecting inner blend regions of nozzles. The fIrst application is to design and position 
a transducer wedge on the nozzle or shell outer surface. To initiate the modeling, the 
geometry of the nozzle and shell are constructed using B-spline and conic section surfaces. 
In a typical wedge design process, the user does not know where the flaws are in the 
nozzle, so he must assume that flaws occur throughout the inspection volume at uniform 
axial and circumferential spacing. It is usual to assume that the flaws are planar and lie in a 
radial-axial plane, though this idealization can be modifIed. For each postulated flaw, a fan 
of rays are calculated representing sound paths that have acceptable incidence and skew 
angles with respect to the plane of the flaw and which also are incident at acceptable angles 
on the outer surface of the nozzle or vessel where they are refracted by the wedge to the 
transducer. There are two such fans, corresponding to the two sides from which the ideal-
ized planar flaw is detectable. All geometry and location of all wedges which satisfy the 
prescribed conditions are recorded and the process is repeated for all the assumed flaws in 
turn. The user is presented with a ranking of each candidate wedge according to the num-
ber of flaws that it can detect; he may then tentatively select a subset of the wedges and 
assess the coverage that can be obtained using them. If the coverage is adequate, the 
characteristics of the wedges are output in a format suitable for manufacturing; if coverage 
is inadequate, the user may try combinations of other wedges until coverage is satisfactory. 
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An alternative procedure, which was used in designing the present experiments, is 
to begin with on-hand wedges of fixed geometry and flaws of known location and orienta-
tion. The task is to find where to put the search units and how to orient them in order to 
detect the known flaws. In performing the validation experiments described below, the 
location and orientation of 6 flaws are prescribed, as are the geometries of 3 s-wave 
wedges (30°, 60°, and 70°). In the first step, for each side of each flaw WARay3D was 
used to calculate a ray which is specularly reflected at the flaw within the range of accept-
able skew (see Figure 2a) and incidence angles (see Figure 2b) and which can be received 
by one of the three wedges on hand, taking into account refraction and dimensions of the 
search unit. This ray is assumed to be the central ray of an ideal beam whose maximum 
amplitude originates at the center of the transducer. The search unit which transmits and 
receives this ray, as defined by its (pre-assigned) back-face cut angle, its coordinates on 
the nozzle or vessel surface and its rotation or skew with respect to a radial-axial plane are 
the predicted quantities which are used to initiate the experiments. The degree of valida-
tion is judged by differences between the predicted coordinates and skew angles and those 
measured at the instant of maximum echo amplitude. 
b. Incidence angle 
a. Skew angle 
Nonnal to Nozzle 
------ Nonnal to Raw 
-.-.-.- Tangent to 
Nozzle Surface 
(in radial plane) 
Figure 2. Angles defined on inner surface of nozzle. 
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UT EXPERIMENTS ON NOZZLE 
Recently a series of experiments was perfonued on a boiling water reactor (BWR) 
nozzle specimen containing artificially induced cracks. WARay3D was used by the EPRI 
NDE Center to design ultrasonic inspection procedures to detect inner six radius defects in 
the 2O-inch diameter BWR nozzle block, POI practice specimen RI72P. Figure 3 is an 
engineering drawing of specimen RI72P. The geometry information in Figure 3 was used 
to build a mathematical representation of the nozzle. The location, orientation, and size of 
the defects were also built into the model of the nozzle. The model was used to develop 
optimized, outside-surface procedures for detection of the six cracks in the inner corner 
region of this POI practice BWR nozzle. Detection was accomplished by comer reflection 
or by reflection at normal incidence, as appropriate for each specific flaw location. 
The model calculated intersections of the beams with the outside surface of the 
nozzle or vessel to determine specific search unit positions, beam angles, and skew angles 
for manual ultrasonic detection of each flaw from two directions. This information from 
the "backward problem" was used to pick off-the-shelf search units to detect the defects in 
nozzle RI72P. For the flaw in Table 1 the incident angle at the flaw was varied until the 
transducer beam angle was =30° (shown in italics, Table 1). Figure 4 shows the nozzle 
and vessel coordinates (axial coordinate, Z and azimuth angle, 8) for the wedge in Thble 1. 
Experimental verification of the 30° inspection procedures shown in Table 1 were 
carried out with direct measurements made on the nozzle. These experiments consisted of 
placing the designated search unit at the coordinates on the nozzle and with the skew angle 
predicted by WARay3D. Detection of this particular flaw was continued using a 30° shear 
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Figure 3. Engineering drawing of PDI specimen. 
Table 1. Search unit locations, 30° wedge, flaw #1. 
Wedge Wedge Wedge Wedge Incident Wedge Wedge 
Circum- Axial Beam Skew Angle at Axial Azumuth 
ferential Angle Angle Angle Flaw Coord., Angle, 
Angle (0) e) (0) (0) Z (0) e e) 
23.67 2.159 28.46 93.27 45.0 24.31 198.4 
24.59 -1.313 29.53 -85.08 47.0 24.44 199.7 
24.93 -2571 30.04 -82.27 47.7 24.49 200.2 
-24.44 -0.124 29.31 86.39 45.0 24.03 142.7 
-24.91 -1.699 29.95 82.75 45.9 24.09 142.1 
Table 2. Comparison, predicted and observed locations of search unit (30° wedge, flaw 
#1) to detect flaw from either side. 
Wedge Wedge Wedge Wedge Transducer 
Beam Skew Axial Azumuth Metal Position 
Angle Angle Coord., Angle, Path Difference (0) (0) Z (0) e (0) (in) (in) 
Side 1 
Model 30.04 -82.27 24.5 200.2 12.69 
Prediction 
Experiment 30. -80±3 25.2 197. 12.35 1.5 
Side 2 
Model 29.95 82.75 24.1 142.1 12.77 
Prediction 
Experiment 30. 85±3 24.5 144. 12.70 0.9 
wave transducer. As predicted by the model, a response was observed from both sides of 
the flaw with the same transducer beam angle. The 30° search unit was moved and rotated 
manually in the vicinity of the predicted location until the amplitude response became a 
maximum The search unit position and skew maximum was noted (see Table 2) and a 
record made of the flaw response which indicated the observed metal path to the flaw (see 
Figure 5). The transducer locations and orientations (skew angles) where the flaw response 
maximized were roughly as given by the WARay3D model (see Table 2). The observed 
metal paths from transducer to flaw are very close to the predicted values. 
COMPARISON OF MODEL PREDICTIONS WITH MEASUREMENTS 
All six flaws in the 20-inch BWR nozzle inner radius practice specimen R172P 
were detected from both directions, with high signal-to-noise ratio and with close correla-
tion between the predicted and actual search unit locations and indication metal paths (see 
Table 3). This result not only validates the WARay3D model but also confinns the detect-
ability of the cracks in the PDI practice specimen RI72P. An example of the cracks in the 
POI specimens is shown in Figure 6. 
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Figure 4. Coordinate systems of nozzle and pressure vessel. 
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Figure 5. Ultrasound responses from flaw with 30° shear wave transducer placed at 
azimuth angle a) 197° and b) 144°. 
As shown at the bottom of Table 3, the RMS (root mean squared) difference be-
tween the predicted and observed metal path is 0.50 inches. The average difference in the 
predicted and observed transducer location for maximum flaw response is 1 inch. 
For flaw #3 there exists significant dimensional differences between the model 
nozzle and the actual nozzle at the transducer location. The values for flaw #3 were not 
used in calculating the RMS metal path difference and the average difference in transducer 
location. There is only one procedure for flaw #3 since the flaw can be seen only from one 
side. 
1124 
Table 3. Comparison, predicted and observed locations of search unit (N) and metal path ~). 
Beam Metal Difference Azimuth Axial Difference 
Flaw # Angle Path (AMP) Location Position Position (AI) 
(0) (in.) (in.) (0) (in.) (in.) 
I-m 30 12.69 Blend 200.2 24.5 
l-e 30 12.35 -0.34 Blend 197. 25.2 1.5 
........................ ......................... .......................... ............................... ............................ .. .......................... ............................ . ............................ 
I-m 30 12.77 Blend 142.1 24.1 
l-e 30 12.70 -0.07 Blend 144. 24.5 0.9 
2-m 60 17.23 Blend 344.5 25.3 
2-e 60 16.65 -0.58 Blend 344. 25.9 1.1 
........................ ......................... ......................... ............................... ............................ ............................ ............................ ............................. 
2-m 60 17.65 Blend 224.2 24.7 
2-e 60 17.20 -0.45 Blend 223. 24.6 0.4 
3-m >70 18.65 Vessel 190. 26.9 
3-e 70 15.95 -2.70 Vessel 191. 26.7 1.2* 
4-m 45 13.20 Blend 42.4 24.8 
4-e 45 14.05 +0.85 Blend 45. 24.9 1.1 
........................ ......................... .......................... ............................... ............................ ............................ ............................ ............................. 
4-m 45 13.29 Blend 343.6 25.4 
4-e 45 12.85 -0.44 Blend 346. 25.7 1.2 
5-m 70 15.77 Vessel 0.7 26.3 
5-e 70 15.40 -0.37 Vessel o. 26.3 1.2 
........................ ......................... ......................... ............................... ............................ ............................. ............................ ............................. 
5-m >70 21.47 Vessel 299. 24.9 
5-e 70 20.62 -0.85 Vessel 298. 24.8 1.3 
6-m 60 16.99 Blend 201.2 25.1 
6-e 60 16.85 -0.14 Blend 200. 25.8 0.8 
........................ ......................... ......................... ............................... ............................ ............................. ............................ ............................. 
6-m 60 17.03 Blend 319.3 24.6 
6-e 60 16.80 -0.23 Blend 317. 24.8 1.0 
0.50 RMS 1 AVG. 
-m Model 
-e Experiment 
* Significant differences between model nozzle and actual nozzle at this transducer location. 
1125 
Figure 6. Example of a flaw of the type used in present experiment. 
SUMMARY 
The ability of three-dimensional, ultrasound modeling software to predict search 
unit location and skew angle for detecting artificial flaws inserted in the inner blend radius 
of a BWR nozzle practice specimen was evaluated. Using off-the-shelf search units placed 
on the outer blend or on the vessel, predicted and measured surface locations agree to 
within about 0.3-1.5 inches (average 1 inch) for metal paths of about 13 to 21 inches. 
Considering imperfections in the physical search units and differences between the nozzle 
as-designed and as-built, the agreement is satisfactory. 
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